Insulin and insulin-like growth factor 1 (IGF-1) receptor signaling pathways differentially modulate cardiac growth under resting conditions and following exercise training. These effects are mediated by insulin receptor substrate 1 (IRS1) and IRS2, which also differentially regulate resting cardiac mass. To determine the role of IRS isoforms in mediating the hypertrophic and metabolic adaptations of the heart to exercise training, we subjected mice with cardiomyocyte-specific deletion of either IRS1 (CIRS1 knockout [CIRS1KO] mice) or IRS2 (CIRS2KO mice) to swim training. CIRS1KO hearts were reduced in size under basal conditions, whereas CIRS2KO hearts exhibited hypertrophy. Following exercise swim training in CIRS1KO and CIRS2KO hearts, the hypertrophic response was equivalently attenuated, phosphoinositol 3-kinase (PI3K) activation was blunted, and prohypertrophic signaling intermediates, such as Akt and glycogen synthase kinase 3␤ (GSK3␤), were dephosphorylated potentially on the basis of reduced Janus kinase-mediated inhibition of protein phosphatase 2a (PP2A). Exercise training increased peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1␣) protein content, mitochondrial capacity, fatty acid oxidation, and glycogen synthesis in wild-type (WT) controls but not in IRS1-and IRS2-deficient hearts. PGC-1␣ protein content remained unchanged in CIRS1KO but decreased in CIRS2KO hearts. These results indicate that although IRS isoforms play divergent roles in the developmental regulation of cardiac size, these isoforms exhibit nonredundant roles in mediating the hypertrophic and metabolic response of the heart to exercise. C ardiac hypertrophy is the growth response of the heart to increased workload and has been categorized as physiological or pathological hypertrophy. Cardiac hypertrophy is considered pathological if contractile dysfunction occurs after an initial phase of compensation, which ultimately results in heart failure. Common causes for pathological hypertrophy are valvular disease and hypertension. In contrast, physiological hypertrophy is characterized by adaptive myocyte growth with a new steady state and preserved contractile function, as exemplified by the response to chronic exercise training, also known as "athlete's heart" (1). The differences between physiological and pathological cardiac hypertrophy have been attributed in part to differences in intracellular signaling pathways. For example, insulin receptor-and insulinlike growth factor 1 (IGF-1) receptor-mediated signaling to phosphatidylinositol 3-kinase (PI3K) and Akt1 have been implicated in physiological cardiac hypertrophy, whereas activation of G protein-coupled pathways, such as angiotensin II and adrenergic signaling, has been associated with pathological hypertrophy (2, 3).
C
ardiac hypertrophy is the growth response of the heart to increased workload and has been categorized as physiological or pathological hypertrophy. Cardiac hypertrophy is considered pathological if contractile dysfunction occurs after an initial phase of compensation, which ultimately results in heart failure. Common causes for pathological hypertrophy are valvular disease and hypertension. In contrast, physiological hypertrophy is characterized by adaptive myocyte growth with a new steady state and preserved contractile function, as exemplified by the response to chronic exercise training, also known as "athlete's heart" (1) . The differences between physiological and pathological cardiac hypertrophy have been attributed in part to differences in intracellular signaling pathways. For example, insulin receptor-and insulinlike growth factor 1 (IGF-1) receptor-mediated signaling to phosphatidylinositol 3-kinase (PI3K) and Akt1 have been implicated in physiological cardiac hypertrophy, whereas activation of G protein-coupled pathways, such as angiotensin II and adrenergic signaling, has been associated with pathological hypertrophy (2, 3) .
We previously reported that cardiomyocyte-selective deletion of the insulin receptor (CIRKO) reduced heart size by 20 to 30% (4) , whereas under basal conditions IGF-1 receptor deletion was without effect (5) . CIRKO hearts exhibit increased glycolysis and decreased fatty acid oxidation rates (4) and impaired maturation of cardiac mitochondrial oxidative capacity (6) . Cardiac IGF-1 production is increased in professional athletes in parallel with physiological cardiac hypertrophy (7) , and IGF-1 mRNA levels were increased in hearts obtained from chronically exercisetrained rodents (8) . Using a mouse model with cardiomyocytespecific deletion of the IGF-1 receptor, we showed that IGF-1 signaling mediated the hypertrophic adaptation of the heart to physiological stimuli such as exercise, despite negligible effects at baseline (5) .
An obligate requirement for both PI3K and Akt1 signaling in mediating cardiomyocyte hypertrophy in response to chronic exercise training has been demonstrated (9) (10) (11) . We subsequently showed that PI3K signaling mediated the mitochondrial bioenergetic adaptation to chronic endurance training via Akt-independent signaling pathways (12) . Whereas signaling from insulin and IGF-1 receptors to PI3K is mediated by insulin receptor substrate 1 (IRS1) and IRS2, their roles in hypertrophic signaling in the heart are incompletely understood. Studies of germ line knockouts for IRS1 and IRS2 suggest a predominant role for IRS1 in the regulation of somatic growth and for IRS2 in the regulation of metabolism (13) (14) (15) . We therefore sought to test the hypothesis that IRS isoforms might differentially modulate the hypertrophic and metabolic adaptations of the heart to exercise training. Thus, we generated mice with cardiomyocyte-specific deletion (CIRS knockout [KO] ) of either IRS1 (CIRS1KO) or IRS2 (CIRS2KO) using cre/loxP recombination and subjected them to chronic swim training.
We found that resting CIRS1KO hearts were reduced in size, whereas CIRS2KO hearts exhibited baseline cardiac hypertrophy. Following chronic exercise training, hypertrophy developed as expected in wild-type (WT) but not in CIRS1KO or CIRS2KO hearts. In parallel, mitochondrial capacity and substrate oxidation rates increased in WT controls but not in IRS-deficient hearts. Together, these results indicate that although IRS isoforms play divergent roles in the developmental regulation of cardiac size, both isoforms are required for the hypertrophic and bioenergetic response of the heart to chronic exercise training.
MATERIALS AND METHODS

Animals. CIRS1KO mice (␣MHC-Cre
ϩ/Ϫ :IRS1 lox/lox ) were generated by cross-breeding mice harboring the homozygous IRS1 allele flanked by loxP sites (IRS1 lox/lox ) with mice expressing the enzyme Cre recombinase driven by the ␣-myosin heavy chain promoter (␣MHC-Cre ϩ/Ϫ ) (16). CIRS2KO (␣MHC-Cre ϩ/Ϫ :IRS2 lox/lox ) mice were generated similarly. The generation of IRS1 lox/lox and IRS2 lox/lox mice has been described before (17, 18) , and genotyping was performed as previously described (16) (17) (18) . IRS2 lox/lox mice were used as wild-type controls in all experiments. All studies were performed under random feeding conditions in male mice unless otherwise indicated. All mice were back-crossed to the C57/BL6 genetic background for four generations and maintained on the same C57/BL6/129Sv mixed genetic background. Animals were housed with a 12-h light/12-h dark cycle at 22°C with free access to food and water. All experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of the University of Utah and the Carver College of Medicine of the University of Iowa.
Exercise training. Six-to 7-week-old mice were subjected to swim training. Mice underwent two training sessions a day, starting with a 10-min duration per mouse on the first day. The duration of each swimming session increased by 10 min/day until a maximum duration of 90 min twice a day was achieved. The sessions were separated by at least a 4-h interval. Mice were trained for 28 additional days (for a total training period of 36 days) (5). Mice were euthanized and tissues harvested 1 h after the final swimming session.
Immunoblotting. Western blot analysis was performed as described in detail in the supplemental material (19) .
WGA stains and stereological quantification. Myocardial fragments were embedded in paraffin, portioned into 5-m-thick sections, stained with wheat germ agglutinin (WGA)-Alexa Fluor 488 conjugate (Invitrogen Corporation, Carlsbad, CA), and covered with SlowFade Gold antifade reagent with 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen). Images were obtained and processed at the University of Utah Fluorescence Microscopy Core Facility. From each sample, left ventricular myocardium was identified in 2 chamber cross sections, and 20 microscopic fields were analyzed at random, the stage of the microscope being moved blindly. For stereological analysis, cross-sectioned left ventricular cardiomyocytes with complete WGA staining of the cellular membrane and central nuclear localization were selected. The cardiomyocyte diameter was determined using the Image-Pro Plus software package (Media Cybernetics, Bethesda, MD).
Hemodynamic measurements. Mice were anesthetized (400 mg chloral hydrate/kg body weight) and placed in the supine position on a heating pad. A 1.4-F micromanometer-tipped pressure catheter (Millar Instruments, Houston, TX) was retrogradely introduced into the left ventricle via the right carotid artery. Hemodynamic measurements were obtained and analyzed as previously described using LabChart7 Pro software (ADInstruments, Colorado Springs, CO) (20, 21) .
Mitochondrial function in saponin-permeabilized cardiac fibers.
Mitochondrial oxygen consumption and ATP production were determined in subendocardial muscle fibers (19) . See the supplemental materials for details.
Measurement of PI3K activity. Cardiac lysates were immunoprecipitated with anti-PI3K p85 antibody (Millipore, Billerica, MA), and PI3K enzymatic activity was measured using a competitive enzyme-linked immunosorbent assay (ELISA) kit (Echelon, Salt Lake City, UT). Briefly, about 25 mg of tissue was homogenized in ice-cold homogenization buffer (20 mmol/liter Tris-HCl, 1 mmol/liter CaCl 2 , 137 mmol/liter NaCl, 1% Triton X-100, 1.5 mmol/liter MgCl 2 , pH 7.4) supplemented with the HALT protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL) using a hand-driven homogenizer, incubated on ice for 20 min, and centrifuged at 12,000 ϫ g for 10 min. Supernatants were transferred to new reaction tubes, and protein concentration was determined. Samples were divided for measurement of PI3K p85 subunit protein expression or PI3K enzymatic activity.
For measurement of PI3K enzymatic activity, homogenization buffer was added to homogenate containing 500 g of protein to a total reaction volume of 1 ml. Five micrograms of anti-PI3K p85 antibody (Millipore, Billerica, MA) was then added, and the mixture was incubated overnight at 4°C with constant rotation. Next, protein A-agarose beads (Millipore, Billerica, MA) were added, the mixture was incubated for 1 h, and immunoprecipitated complexes were collected by centrifugation. The supernatant was discarded, the pellet was washed, and 30 l of KBZ buffer and 30 l of 10 M phosphatidylinositol (4,5)-bisphosphate (PIP 2 ) substrate were added followed by incubation for 3 h at 37°C according to the manufacturer's protocol. The amount of phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) formed by PI3K activity was detected using a competitive ELISA, developed using the colorimetric reagent 3,3=,5,5=-tetramethylbenzidine (TMB), and read using a Synergy HT multidetection reader (Bio-Tek Instruments, Winooski, VT) at a wavelength of 450 nm. Enzymatic activity was expressed as amounts of PIP 3 produced, normalized either to total protein or to anti-PI3K p85 protein expression.
Quantification of mtDNA content. DNA was extracted and purified using the DNeasy tissue kit (Invitrogen, Carlsbad, CA), and real-time PCR was performed with an ABI Prism instrument (Applied Biosystems, Foster City, CA) with SYBR green chemistry (Invitrogen). The mitochondrial DNA (mtDNA) content relative to nuclear DNA content was determined using the following primers: nuclear DNA-encoded NADH dehydrogenase flavoprotein 1, forward, CTTCCCCACTGGCCTCAAG, and reverse, CCAAAACCCAGTGATCCAGC; mtDNA-encoded CO1, forward, TGCTAGCCGCAGGCATTAC, and reverse, GGGTGCCCAAAGA ATCAGAAC (22) .
Mitochondrial enzyme activity assays. Citrate synthase (CS) and hydroxyacyl-coenzyme A (hydroxyacyl-CoA) dehydrogenase (HADH) enzyme activities were determined as previously described (21) . For measurement of skeletal muscle CS activity, absorbance was monitored at 412 nm using an Ultrospec 3000 spectrophotometer (Amersham Pharmacia Biotech, NJ) with a total reaction volume of 1 ml. CS and HADH activities in heart homogenates were measured using a Synergy HT multidetection reader (Bio-Tek Instruments, Winooski, VT) with a total reaction volume of 200 l as previously described (21) .
Isolated working hearts. Hearts were perfused with Krebs-Henseleit buffer (118.5 mmol/liter NaCl, 25 mmol/liter NaHCO 3 , 4.7 mmol/liter KCl, 1.2 mmol/liter MgSO 4 , 1.2 mmol/liter KH 2 PO 4 , 2.5 mmol/liter CaCl 2 , 0.5 mmol/liter EDTA, pH 7.4) containing 5 mmol/liter glucose and 0.4 mmol/liter palmitate using a sealed perfusion apparatus. Glucose oxidation and glycolysis were measured in one set of hearts, and palmitate oxidation rates were measured in a second set of experiments. Glucose oxidation was determined by measuring 14 Measurements of flow and pressure (Millar pressure catheter; Millar Instruments, Houston, TX) were obtained every 20 min throughout the 60-min perfusion. The oxygen content of freshly oxygenated buffer (arterial partial pressure of oxygen [PaO 2 ]) and oxygen concentration in the pulmonary artery effluent, which was collected using a capillary tube (venous partial pressure of oxygen [PvO 2 ]), were measured using a fiber optic oxygen sensor (Ocean Optics, Orlando, FL). The following formulae were used to determine myocardial O 2 consumption (MVO 2 ), cardiac hydraulic work (CHW), and cardiac efficiency (CE).
Myocardial O 2 consumption, measured in ml · min Ϫ1 · g Ϫ1 wet heart weight (WHW), was determined as follows: MVO 2 ϭ [(PaO 2 Ϫ PvO 2 )/ 100] · (coronary flow/WHW) · (725/760) · (1,000 · C), where PaO 2 is the arterial partial pressure of oxygen in mm Hg, PvO 2 is the venous partial pressure of oxygen in mm Hg, 725 and 760 are the atmospheric pressures in mm Hg at the University of Utah and at sea level, respectively, and C is the Bunsen coefficient for plasma, i.e., 0.0212.
Cardiac hydraulic work, measured in J · min Ϫ1 · g Ϫ1 WHW, was determined as follows: CHW ϭ CO · DevP · 1.33 · 10 Ϫ4 /g WHW, where CO is the cardiac output in ml/min and DevP is the developed pressure in mm Hg.
Cardiac efficiency, as a percentage, was determined as follows. CE ϭ hydraulic work/MVO 2 · 100. MVO 2 (ml/min) was converted to mol/ min by multiplying by the conversion factor 0.0393 and then to joules per min (J/min) using the conversion formula of 1 mol O 2 ϭ 0.4478 J, as previously described (19) .
Glucose uptake in isolated cardiomyocytes. Myocytes were isolated from hearts obtained from 8-week-old female mice. Glucose uptake was measured in the presence or absence of 1 nM insulin as previously described (4).
Measurement of cardiac glycogen content. Snap-frozen tissue was homogenized in 0.3 mol/liter perchloric acid and assayed in a buffer containing 50 mmol/liter Na acetate and 0.02% bovine serum albumin with or without amyloglucosidase (Sigma, St. Louis, MO). Absorption was monitored at 340 nm using an Ultrospec 3000 spectrophotometer (Amersham Pharmacia Biotech, NJ) and compared with a glucose standard of 0 to 80 mol. Data are presented as glucose released from glycogen corrected to tissue weight (23) .
Statistical analysis. All data are expressed as means Ϯ standard errors of the means (SEM). Unpaired Student's t test was used to analyze differences relative to sedentary controls with the same genotype. One-way analysis of variance (ANOVA) was performed when analyzing differences between 3 genotypes (WT, CIRS1KO, and CIRS2KO) under basal conditions (glucose tolerance tests and serum insulin levels) followed by Fisher's protected least significant difference (PLSD) test. Two-way ANOVA was performed to analyze differences by genotype and exercise swim training or insulin stimulation when comparing 6 groups (WT, CIRS1KO, CIRS2KO with or without swim training or insulin stimulation), followed by Fisher's protected least significant difference test. Statistical calculations were performed using the GraphPad Prism software (GraphPad, San Diego, CA). For all analyses, a probability value of Ͻ0.05 was considered significantly different.
RESULTS
IRS isoforms play redundant roles in the regulation of myocardial insulin signaling. CIRS1KO and CIRS2KO mice were born at the expected Mendelian distribution and survived to adulthood (data not shown). Cardiomyocyte-specific deletion of IRS1 or IRS2 was confirmed by immunoblotting ( Fig. 1a and b) and had no effect on glucose tolerance and serum insulin levels (see Fig. S1 in the supplemental material). WT and IRS-deficient hearts were perfused with insulin, and Akt, AS160, S6K, and S6 phosphorylation were determined. The fold increase in insulin-mediated Akt phosphorylation at Ser473 was not impacted by loss of IRS1 or IRS2 individually. The activation of Akt on Thr308 was also not altered by IRS2 deficiency, although it was reduced by 50% in IRS1-deficient hearts. Similarly, absolute levels of AS160 and phosphorylated AS160 were also reduced in IRS1-deficient hearts (see Fig. S2 in the supplemental material). Despite these changes, insulin stimulation led to an equivalent fold increase in AS160, S6K, and S6 phosphorylation in IRS-deficient hearts relative to WT controls (Fig. 1c to h) , and insulin-stimulated glucose uptake levels in isolated cardiomyocytes obtained from WT, CIRS1KO, and CIRS2KO hearts were similar (Fig. 1i) . These data indicate redundant roles for IRS isoforms in myocardial insulin signaling and insulin-stimulated glucose uptake.
Expression of both IRS isoforms is required for the hypertrophic response to exercise training. Citrate synthase (CS) activity levels in skeletal muscle homogenates obtained from WT, CIRS1KO, and CIRS2KO mice following exercise training were equivalently increased, indicating similar degrees of exercise training across all genotypes (Fig. 2a) . At 12 weeks of age, heart weight-to-tibia length ratios (HW/TL) were reduced by 12.8% (P Ͻ 0.05) in CIRS1KO mice compared to WT controls under sedentary conditions. In contrast, HW/TL was increased in CIRS2KO mice by 8.4% (P Ͻ 0.05) at the same age. WT mice increased HW/TL by 10.2% (P Ͻ 0.05) following 5 weeks of exercise swim training, but we observed no increase in CIRS1KO and CIRS2KO mice, respectively ( Fig. 2b and c ; see also Table S1 in the supplemental material). These results were confirmed by stereological quantification of cardiomyocyte diameter using wheat germ agglutinin (WGA) staining (Fig. 2d and e) . Left ventricular catheterization revealed a mild impairment in contractile function in CIRS1KO hearts following exercise training, and maximum dP/dt was significantly lower in CIRS1KO mice than in CIRS2KO mice ( Fig. 2f to h ; see also Table S2 in the supplemental material). However, mRNAs of heart failure markers were not further induced in IRS-deficient hearts by exercise training (see Fig. S3 in the supplemental material). Thus, IRS proteins play redundant roles in insulin-mediated signaling in the heart but are both required for the hypertrophic response following exercise training despite exhibiting divergent roles in the developmental regulation of cardiac size.
Activation of PI3K in response to exercise is prevented, and downstream signaling targets are dephosphorylated, in IRS-deficient hearts following exercise training. To determine the underlying mechanisms for the attenuated hypertrophic response in IRS-deficient hearts, we investigated the activation of PI3K/Akt signaling pathways, which may mediate physiological cardiac hypertrophy (5, 12) . Exercise increased PI3K enzymatic activity normalized to PI3K p85 subunit protein expression by ϳ50% in WT but not in IRS-deficient hearts, with no changes in PI3K p85 subunit protein content across all groups (Fig. 3a to c) . Exercise increased Akt phosphorylation 2-fold at Thr308 and by about ϳ 50% at Ser473 in WT hearts (Fig. 3d to f) . Similar to PI3K activity, the increase in Thr308 phosphorylation of Akt was prevented in IRS1-and IRS2-deficient hearts (Fig. 3e) . Unexpectedly, we observed a striking dephosphorylation of Akt (Ser473), glycogen synthase kinase 3␤ (GSK3␤), and 4E-BP1, in IRS-deficient hearts following exercise training relative to sedentary controls (Fig. 3f to h ). These signaling changes would be predicted to antagonize the hypertrophic response (24, 25) .
We examined potential mechanisms for kinase dephosphorylation and focused on the protein phosphatase 2a (PP2A) by ex-amining the phosphorylation of PP2A at Tyr307, which decreases the phosphatase activity of PP2A (26) (27) (28) . Exercise training was associated with reduced phosphorylation of PP2A at Tyr307 in IRS-deficient hearts (Fig. 3i) . We then examined the phosphorylation of Janus kinase 2 (JAK2) at Tyr221, which increases its kinase activity to phosphorylate PP2A at Tyr307 (29) . Consistent with reduced PP2A phosphorylation, JAK2 phosphorylation at Tyr221 was reduced in IRS1-and IRS2-deficient hearts following Data are presented as fold changes relative to the same genotype, no insulin (n ϭ 7 to 9). Two-way ANOVA was performed to analyze differences by insulin stimulation and genotype followed by Fisher's PLSD post hoc analysis. Significance: phosphorylation of Akt at Ser473, P Ͻ 0.05 for insulin (d) and Thr308, P Ͻ 0.05 for insulin, genotype, and their interaction (e); phosphorylation of AS160 at Thr642 (f), phosphorylation of p70 S6K at Thr389 (g), phosphorylation of S6 at Ser235/236 (h), and glucose uptake in isolated cardiomyocytes (i), P Ͻ 0.05 for insulin. *, P Ͻ 0.05 versus WT (same insulin concentration); †, P Ͻ 0.05 versus same genotype (0 nM insulin); ‡, P Ͻ 0.05 versus CIRS1KO (same insulin concentration). exercise (Fig. 3j) . Impaired JAK2 signaling in IRS-deficient hearts (30) was corroborated by the observation that phosphorylation of the JAK2 target, STAT3 at Tyr705 (31), was increased in WT controls following swim training but was unchanged in IRS1-or IRS2-deficient hearts (Fig. 3k) . The loss of PP2A phosphorylation in IRS mutant animals was specific for exercise training, as PP2A phosphorylation was not altered in WT or mutant hearts following insulin stimulation (see Fig. S4 in the supplemental material) .
IRS proteins mediate the mitochondrial bioenergetic response following exercise training. The mitochondrial adaptations to exercise training are dependent upon an induction of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1␣), in addition to an Akt-independent role of PI3K signaling (12) . Thus, we hypothesized that reduced PI3K activation would impair the mitochondrial bioenergetic response to exercise training. ADP-stimulated mitochondrial oxygen consumption (V ADP ) and ATP synthesis measured in saponin-permeabilized cardiac fibers supplemented with pyruvate or palmitoylcarnitine as the substrates were increased in WT hearts following swim training (ϩ25.5% to 35.1%, P Ͻ 0.05 each). In contrast, no increase was observed in CIRS1KO and CIRS2KO hearts following exercise training (Fig. 4a to d) . Similarly, activity of the mitochondrial enzymes citrate synthase and hydroxyacyl-coenzyme A dehydrogenase (HADH) increased in WT hearts following swim training (ϩ33.5% to 72.5%, P Ͻ 0.05 each) but not in IRS-deficient hearts (Fig. 4e and f) . Furthermore, expression of mitochon- drial proteins involved in fatty acid oxidation and oxidative phosphorylation and mitochondrial DNA content increased in WT but not in IRS-deficient hearts in response to exercise training ( Fig. 4g to m). PGC-1␣ protein levels increased with exercise training in WT hearts; however, this effect was absent in CIRS1KO hearts, and PGC-1␣ protein levels actually decreased with exercise in CIRS2KO hearts (Fig. 4n) . The induction of PGC-1␣ mRNA levels and PGC-1␣ downstream targets was significantly repressed in exercise-trained IRS-deficient hearts relative to WT controls (see Fig. S5 in the supplemental material). Importantly, phosphorylation of AMPK (Thr172) and its downstream target eEF2 (Thr56) were not increased in IRS-deficient hearts following swim training (d to k) Representative Western blots (d) and densitometric quantification of P AKT Thr308/Total AKT (P Ͻ 0.05 for genotype, P Ͻ 0.05 for the interaction between swim training and genotype) (e), P AKT Ser473/Total AKT (P Ͻ 0.05 for genotype, P Ͻ 0.05 for the interaction between swim training and genotype) (f), P GSK3b Ser9/Total GSK3b (P Ͻ 0.05 for swim training, P Ͻ 0.05 for the interaction between swim training and genotype) (g), 4E-BP1 ␥/GAPDH (P Ͻ 0.05 for swim training, P Ͻ 0.05 for the interaction between swim training and genotype) (h), P PP2A Tyr307/Total PP2A (P Ͻ 0.05 for swim training, genotype, and their interaction) (i), P JAK2 Tyr221/Total JAK2 (P Ͻ 0.05 for swim training, P Ͻ 0.05 for the interaction between swim training and genotype) (j), and P STAT3 Tyr705/Total STAT3 (P Ͻ 0.05 for swim training, P Ͻ 0.05 for the interaction between swim training and genotype) (n ϭ 8) (k). *, P Ͻ 0.05 versus WT (same treatment); †, P Ͻ 0.05 versus sedentary (same genotype); ‡, P Ͻ 0.05 versus CIRS1KO (same treatment). n.s., no significant difference observed.
(see Fig. S6 in the supplemental material). Together, these data indicate that expression of each IRS isoform is required for the mitochondrial adaptations that accompany physiological cardiac hypertrophy via synergistic effects on PI3K and PGC-1␣. IRS proteins mediate the metabolic response to exercise training. The increase in mitochondrial capacity following exercise training correlates with increased fatty acid oxidation and glucose oxidation rates (32) . We hypothesized that the impaired mitochondrial bioenergetic response in IRS-deficient hearts would impair the metabolic adaptations following swim training. In isolated perfused working hearts, palmitate oxidation rates increased in WT hearts following swim training (ϩ95.0%, P Ͻ 0.05), while CIRS1KO and CIRS2KO hearts showed no difference relative to sedentary controls of the same genotype. Similarly, glu- to analyze differences by swim training and genotype followed by Fisher's PLSD post hoc analysis. (a to d) Mitochondrial capacity as measured by maximum ADP-stimulated mitochondrial respiration (V ADP ) and ATP synthesis in saponin-permeabilized cardiac fibers. V ADP and ATP synthesis (P Ͻ 0.05 for swim training, genotype, and their interaction) with pyruvate (a and b) and V ADP (P Ͻ 0.05 for swim training, genotype, and their interaction) (c) and ATP synthesis (P Ͻ 0.05 for swim training, P Ͻ 0.05 for genotype) (d) with palmitoyl-carnitine as the substrates each combined with malate as indicated (n ϭ 4 to 6). (e and f) Citrate synthase (P Ͻ 0.05 for swim training, genotype, and their interaction) (e) and hydroxyacyl-CoA dehydrogenase (HADH) enzymatic activity (P Ͻ 0.05 for swim training, P Ͻ 0.05 for genotype) (f) (n ϭ 8). (g to l) Representative Western blots (g) and densitometric analysis of CPT1b and CPT2 (P Ͻ 0.05 for swim training, P Ͻ 0.05 for the interaction between swim training and genotype) (h and i) and electron transport chains subunit complex I NDUFA9 (P Ͻ 0.05 for genotype) (j), complex II 30 kDa subunit (P Ͻ 0.05 for swim training, genotype, and their interaction) (k), and complex V subunit ␣ (P Ͻ 0.05 for swim training, P Ͻ 0.05 for genotype) (l), each normalized to Coomassie blue stains. (m and n) Mitochondrial DNA content measured by RT-PCR (P Ͻ 0.05 for swim training, genotype, and their interaction) (m) and protein levels of the transcriptional coactivator PGC-1␣ normalized to GAPDH (P Ͻ 0.05 for genotype, P Ͻ 0.05 for the interaction between swim training and genotype; n ϭ 3 to 8) (n). PGC-1␣ knockout heart homogenate was used as a negative control for PGC-1␣ immunoblotting (38) . *, P Ͻ 0.05 versus WT (same treatment); †, P Ͻ 0.05 versus sedentary (same genotype); ‡, P Ͻ 0.05 versus CIRS1KO (same treatment).
cose oxidation and glycolysis rates increased ϳ2-fold in WT hearts and by ϳ55% in CIRS1KO hearts following exercise (P Ͻ 0.05 each), and this effect was absent in CIRS2KO hearts. Absolute values for glucose oxidation were significantly lower in CIRS2KO hearts than in CIRS1KO hearts following swim training ( Fig. 5a to c; see also Table S3 in the supplemental material). Cardiac efficiency was significantly reduced in resting IRS1-and IRS2-deficient hearts, individually. Although exercise training increased cardiac efficiency in all genotypes, cardiac efficiency remained low in exercise-trained IRS1-or IRS2-deficient hearts. Cardiac tissue glycogen content increased only in WT hearts compared to sedentary controls (ϩ56.2%, P Ͻ 0.05) ( Fig. 5d ; see also Table S4 in the supplemental material). Together, these data indicate that normal expression of both IRS isoforms is required for the metabolic response to chronic exercise training.
DISCUSSION
Here, we show that although IRS isoforms play divergent roles in the developmental regulation of cardiac size, expression of both IRS isoforms is required for the hypertrophic and bioenergetic response of the heart to chronic exercise training.
We previously reported that embryonic deletion of the IGF-1 receptor has no effect on heart size (5), whereas deletion of the insulin receptor results in reduced size of the heart (4, 6). While insulin and IGF-1 receptor signaling is transduced by IRS proteins, the present study revealed that CIRS1KO hearts are smaller. These data are consistent with data obtained from mice with germ line deletion of IRS proteins, indicating a predominant role for IRS1 on the regulation of somatic growth (13) (14) (15) . Thus, IRS1 signaling plays a predominant role in the developmental regulation of cardiac growth, and this supports the hypothesis that insulin receptor-mediated cardiac growth might be predominantly regulated by IRS1 in the nonstressed heart. In contrast, basal cardiac size was increased in IRS2-deficient hearts relative to controls, raising the possibility that signaling pathways that are transduced via IRS2 negatively regulate developmental cardiac size via mechanisms that remain to be determined.
Previous reports indicate that Akt1 and PI3 kinase signaling is required for physiological cardiac hypertrophy (9, 10, 12, 33, 34) . Furthermore, we also reported that mice with cardiomyocyte-specific deletion of the IGF-1 receptor exhibited an attenuated hypertrophic response following chronic swim training (5, 35) . Unexpectedly, Akt phosphorylation was not decreased in IGF-1 receptor knockout hearts following swim training relative to WT controls. We observed increased 5= adenosine monophosphateactivated protein kinase (AMPK) phosphorylation in IGF-1 receptor KO hearts, which is indicative of energetic stress. AMPK has been reported to inhibit hypertrophic growth by phosphorylating eukaryotic elongation factor 2 (eEF2) (36) . Therefore, we concluded that there was a predominant contribution of energetic stress in the attenuated hypertrophic response of IGF-1 receptor knockout hearts. This contrasts with observations in IRS-deficient hearts following exercise training. Despite mitochondrial dysfunction in CIRS1KO and CIRS2KO hearts, AMPK phosphorylation (Thr172) was not increased following swim training, and eEF2 phosphorylation (Thr56) was unchanged between the groups. However, we observed decreased Akt phosphorylation in CIRS1KO and CIRS2KO hearts following swim training, relative to untrained mice of all genotypes and to exercise-trained WT controls. This suggested that additional mechanisms beyond blunted activation of PI3K-mediated Akt signaling could contribute to the impaired cardiac hypertrophic response following exercise training in IRS-deficient hearts. To further understand the underlying mechanisms for this reduction in Akt phosphorylation, we examined PP2A, which has been shown to dephosphorylate Akt (28) . PP2A phosphorylation at Tyr307 was decreased in IRS-deficient hearts following swim training. This would be predicted to increase PP2A activity, which, by reducing Akt phosphorylation, could provide a plausible mechanism for the blunted hypertrophic response. Insulin stimulation had no effect on PP2A phosphorylation on Tyr307 in the heart. Thus, we focused our attention on signaling mechanisms that are independent of insulin/IGF-1 receptor signaling, which could influence PP2A phosphorylation. We observed decreased JAK2 phosphorylation at Tyr221 and impaired JAK2-mediated signaling in IRS-deficient hearts following chronic exercise training relative to wild-type controls. The mechanisms by which IRS1 or IRS2 deficiency impairs exercise-mediated activation of the JAK-STAT pathway remain to be elucidated. Previous studies showed that phosphorylation at Tyr221 increases the kinase activity of JAK2 (30) and JAK2 phosphorylates PP2A at Tyr307 (29) , thereby decreasing its phosphatase activity (26, 27) . Thus, impaired JAK2-mediated inhibition of PP2A represents a potential mechanism for increased Akt dephosphorylation, which we posit attenuates the hypertrophic response of IRS-deficient hearts to exercise training.
We observed preserved insulin-mediated signaling in CIRS1KO and CIRS2KO hearts both under basal conditions and following insulin stimulation compared to WT controls. Thus, expression of one IRS isoform is sufficient for insulin-mediated Akt activation, while expression of both IRS isoforms is required for mediating the hypertrophic response following chronic exercise training. These observations raise the possibility that IRS1 and IRS2 exist in distinct spatiotemporal domains within cardiomyocytes, leading to distinct signaling complexes that are entrained by divergent upstream signals such as hormonal activation of insulin or IGF-1 on one hand or by exercise on the other. Moreover, the nonredundant roles of IRS1 and IRS2 in exercise-induced cardiac hypertrophy raise the possibility that these proteins directly interact to mediate the downstream signals.
We previously reported that cardiomyocyte-specific deletion of insulin receptors (CIRKO) impairs mitochondrial bioenergetics and reduced the expression of proteins involved in the citric acid cycle and fatty acid oxidation (6) . We also observed mitochondrial dysfunction in IRS-deficient hearts under basal conditions. Furthermore, we previously described a central role for a PI3K-dependent but Akt-independent signaling pathway that promotes the mitochondrial adaptations to exercise training (12) . Interestingly, PI3K activity was impaired in IRS-deficient hearts compared to WT controls following exercise training. Taken together with our previous studies, these data imply that impaired PI3K signaling could contribute to the attenuated mitochondrial bioenergetic response in IRS-deficient hearts following exercise training.
What might account for the near-complete inhibition of exercise-induced PI3K activity when one IRS isoform is absent? Although our studies do not completely answer this question, it is important to note that protein levels of the PI3K p85 regulatory subunit protein were unchanged between the groups. It is recognized that the stoichiometry of p85 and IRS proteins governs IRSassociated activation of PI3K, so that increased binding of p85 to IRS proteins could reduce PI3K activation (37) . Thus, the possibility exists that deletion of one IRS isoform would increase the stoichiometric binding of p85 to the remaining IRS protein, thereby reducing binding to the p110 catalytic subunit. This would limit PI3K activation and reduce the expected increase in mitochondrial energetics. Why such a mechanism could apply to exercise-induced signaling but not to insulin signaling is not known and will be the subject of future investigations. In addition, we also observed either unchanged or decreased PGC-1␣ protein levels following exercise training in IRS-deficient hearts, in the absence of a similar decline in mRNA. Thus, IRS signaling might also regulate either the translation or the stability of the PGC-1␣ protein. Although the mechanisms linking IRS signaling to PGC-1␣ protein levels remain to be elucidated, the reduction in PGC-1␣ protein clearly represents a second mechanism that contributes to the attenuated mitochondrial bioenergetic response to exercise training following loss of one IRS isoform.
Substrate oxidation rates and cardiac efficiency increased in exercise-trained WT hearts compared to sedentary controls, and this effect was attenuated following deletion of either IRS isoform. Similarly, glycogen content increased only in WT hearts. In addition to orchestrating the mitochondrial adaptations following exercise training, PGC-1␣ plays an important role for postexercise glycogen resynthesis as shown in skeletal muscle (23) . Together, impaired induction of PGC-1␣ expression and PI3K activity provides potential mechanisms for the attenuated metabolic response and decreased tissue glycogen content in IRS-deficient hearts following exercise training.
In summary, the present study has identified an essential role for IRS signaling in cardiac growth. IRS isoforms play divergent roles in the developmental regulation of cardiac size and may play redundant roles in insulin signaling (see Fig. S7 in the supplemental material). IRS1 or IRS2 deficiency is sufficient to block the hypertrophic and mitochondrial adaptations to exercise training. We believe that a unifying mechanism for the blunted hypertrophic and mitochondrial adaptations might be impaired activation of PI3K and increased dephosphorylation of Akt. Some differences in the responses of IRS1-and IRS2-deficient hearts to exercise, such as PGC-1␣ levels, glycogen content, and the fold change in glucose utilization were also noted and are summarized in Fig.  6 . The mechanisms for these differences between isoform-specific mutants will be the subject of future investigation. However, our data indicate nonredundant roles of IRS isoforms in mediating the hypertrophic, mitochondrial, and metabolic responses of the heart to exercise training (Fig. 6) . 
